We have established IL-3-dependent 32D myeloid progenitor cells stably expressing the human IL-2 receptor fi chain (IL-2Rfi). Whereas parental 32D cells proliferated only in response to IL-3, the transduced cells also proliferated in response to IL-2. Transduced cells expressed high-and intermediate-affinity IL-2Rs, resulting from expression of human IL-2R13 and murine IL-2R a chain (IL-2Ra). IL-2 induced phenotypic changes not induced by IL-3, including the upregulated expression of endogenous murine IL-2Ra and IL-2Rfi and an increase in cell size. Therefore, the transduced IL-2Rfi was not merely coupling with the IL-3 signaling pathway. IL-3 augmented several IL-2-induced responses including the upregulation of IL-2Ra. Both IL-2-and IL-3-induced proliferation and IL-2 induced IL-2Ra expression were inhibited by the tyrosine kinase inhibitor herbimycin A. Thus, both IL-2-and IL-3-mediated effects required tyrosine kinase activity. The identity of the tyrosine kinase(s) mediating the IL-2 signals in these cells is not known but cannot be p56ICk a trosine kinase found in T cells, since 32D-IL-2RP cells do not express p56kek.
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IL-2 binding to IL-2 receptors (IL-2Rs) induces the clonal proliferation of T lymphocytes after antigen activation (1-3).
IL-2 also can mediate functions of activated B cells, monocytes, resting T cells, and non-B non-T large granular lymphocytes (LGLs; refs. [1] [2] [3] (4) (5) (6) . Deduced IL-2Ra (7, 8) and IL-2R/3 (9) protein sequences predict similarly sized extracellular, but very differently sized cytoplasmic, domains. Despite its biological importance, comparatively little is known about the mechanism(s) of IL-2-induced signal transduction. In contrast to many other growth factor receptors, IL-2Rf3 does not contain a tyrosine kinase motif (10, 11) or possess endogenous kinase activity (12) . IL-2 does not appear to act through protein kinase C, increase intracellular calcium, or activate a classical guanine nucleotide binding protein. However , several cellular proteins including 8 are tyrosine phosphorylated upon IL-2 stimulation (2, 3, (12) (13) (14) . In addition, the glycosylphosphatidylinositol system may play a role in IL-2 signaling (15, 16) .
To further investigate IL-2 signal transduction pathways, we have established IL-3-dependent murine myeloid progenitor 32D cells (17) stably transduced with human IL-2RP3. We examined IL-2-and/or IL-3-induced cellular responses to define components of the IL-2-induced signal transduction pathway and to determine its relationship to that of the IL-3-induced signaling pathway.
MATERIALS AND METHODS
An IL-2Rf Retroviral Expression Vector. The EcoRI fragment of IL-2R131 (18), a full-length human IL-2RP3 cDNA, was blunt-end-ligated into the blunted Xho I site of pUCSV(B2)PV/tkNeo. In the resulting vector pUCSVP31, expression of IL-2RP3 is driven by the Moloney leukemia virus 5' long terminal repeat and the neomycin-resistance gene by the mutant polyoma enhancer/thymidine kinase promoter. pUCSVp1 was transfected using calcium phosphate precipitation into ecotropic (PCRE) and amphotropic (PCRIP) NIH 3T3-derived packaging cell lines (19) . Cells were cultured in Dulbecco's modified Eagle's medium/10% (vol/vol) calf serum/G418 (1 mg/ml), and culture supernatants were analyzed for their relative viral titer by RNA slot-blot hybridization.
Transduction of32D Cells and Isolation of Clones Expressing IL-2Rfi. IL-3-dependent murine myeloid progenitor 32D cells (17) have a normal diploid karyotype and a doubling time of 12 h. 32D cells were cultured in RPMI 1640 medium/15% (vol/vol) fetal bovine serum/penicillin (100 units/ml)/ streptomycin (100 umg/ml)/2 mM glutamine/5% (vol/vol) WEHI-3B-conditioned medium (WEHI-CM) as a source of IL-3. For retroviral transduction, 32D cells were cocultured overnight in a plate two-thirds confluent with a selected packaging cell line in RPMI 1640 medium/15% fetal bovine serum. 32D cells normally grow in suspension and they were removed from the adherent packaging cells, washed, and transferred to a fresh plate. G418 (1 mg/ml) was added 24 h later. We denote the G418-resistant cells as "bulk populations." Cells expressing IL-2Rf3 were sorted using an Epics 752 flow cytometer (Coulter) after staining with anti-human IL-2Rf3 monoclonal antibody (mAb) Mik31 (20) Northern Blot Analysis. Total RNA was prepared by standard procedures (27) . RNA (15 ,ug per lane) was electrophoresed on formaldehyde/agarose gels and transferred to Nytran filters. The 1.3-kilobase EcoRI murine IL-2Ra (28), 925-base-pair murine IL-2RB (29) , and murine lck (30) cDNA fragments were 32P-labeled as probes.
Cell Surface linatlon and Immunreitation. Cells were washed, surface-labeled with Na' I using lactoperoxidase (Worthington) and H202, and lysed in PBS containing 1% Nonidet P-40, leupeptin (10 ,4g/ml), aprotinin (10 ,ug/ml), and 25 ,uM p-nitrophenyl p-guanidinobenzoate. Lysates were immunoprecipitated with anti-rat immunoglobulinSepharose beads conjugated with 7D4, a rat anti-murine IL-2Ra mAb (21) , or a matched irrelevant antibody, Robaclone (Accurate Chemicals, Westbury, NY). After washing with PBS/0.5% Nonidet P-40/0.1% SDS/0.2% deoxycholate, the immunoprecipitates were analyzed by SDS/PAGE on 7.5% gels under reducing conditions. Fig. 2A, lanes 1 and 2). Surface iodination followed by immunoprecipitation with 7D4 mAb (Fig. 2B, lanelb) induce expression of the IL-2Ra gene (7, 32) . We thus investigated whether IL-2 could upregulate expression of the endogenous murine a chain gene in 32D-IL-2R/3 cells. After stimulation with 0.78 nM IL-2 for 24 h or 2 weeks, IL-2Ra mRNA was significantly induced in (53 cells (Fig. 2A, lanes  3 and 4) but not in 32D cells (data not shown). IL-2Ra surface expression was also induced to a higher level as deduced by surface iodination followed by immunoprecipitation with 7D4 (Fig. 2B, lane 2b) and by flow cytometry using mAb 2E4 (discussed below), whereas no induction was observed in 32D cells (data not shown). In contrast to its effect on T cells or LGLs, a combination of phorbol 12-myristate 13-acetate (50 ng/ml) and ionomycin ( Mac-i, Mac-3, IgG Fc receptor, and Ia antigen showed a moderate but reproducible increase (data not shown), which was maintained under continuous IL-2 stimulation. Thus, IL-2 appeared to induce certain surface markers that appear during monocytic differentiation. CD3e or Thy-i, markers of lymphoid lineage, was not detected or induced (data not shown). Interestingly, whereas /853 cells in RPMI i640 medium/WEHI-CM could differentiate to granulocytes in response to granulocyte colony-stimulating factor, /853 cells in IL-2-containing medium could not (J.H.P., unpublished observation). Effects Mediated by a Combination of IL-2 and IL-3. In proliferation, when 32D-IL-2R/3 cells were stimulated with IL-2 and IL-3 ( Fig. iE) at low to suboptimal concentrations of factors, additive effects were observed. At optimal concentrations (IL-3 at i00 units/ml and IL-2 at >234 pM), the proliferative response to IL-3 exceeded those to IL-2 alone or to the combination ofIL-2 plus IL-3 (Fig. 1E) . Although some variations in the IL-2 dose-response curves were observed in the seven experiments performed (e.g., Fig. 1 C vs. E), these effects were reproducibly found. Medium containing WEHI-CM (as an IL-3 source) plus 0.78 nM IL-2 induced higher levels of IL-2Ra protein (Fig.  2B, lane 3b) and mRNA (data not shown) than were induced by IL-2 alone (lane 2b). Changes in cell size were more apparent when cells were treated with both IL-2 and WEHI-CM than with IL-2 alone (Fig. 3 D vs. C) . Mac-i and IgG Fc receptor also appeared to be induced to higher levels when IL-2 and WEHI-CM were added in combination (data LGLs and T cells (7, 32) . At low concentrations of IL-3, IL-2 had an additive proliferative effect in these cells. However, at high concentrations of IL-3, IL-2 was often inhibitory at high concentrations, consistent with results derived from another IL-3-dependent cell line (41) . We observed inhibition even after a 12-h incubation, suggesting that inhibition was not due to growth arrest by depletion of nutrients. Since IL-2-induced proliferation was less than that induced by IL-3 ( Fig. 1 B and  C) , one possible explanation for the inhibitory effect is that IL-2 might induce differentiation of the cells to a state in which they proliferate less potently. Alternatively, the IL-2 pathway might compete for limited common substrate(s) that it utilizes less effectively than the IL-3 signaling pathway. Sequence similarities have been noted within the cytokine receptor superfamily (42) . In addition to similarities in the extracellular domains of all members of this family, homology between regions of the cytoplasmic domains of the IL-2RP and IL-3 receptor (43) has been reported and could form the molecular basis for the hypothesized shared component(s) of the two pathways. In view of reports of effects of IL-2 on nonlymphoid blood cells (1) (2) (3) 44) , it is conceivable that certain IL-2 effects observed in 32D-IL-2R,3 cells could represent physiological effects of IL-2 in hematopoiesis.
RESULTS

32D-IL-2RP Cells Proliferate in Response to
Although cellular proteins including IL-2R13 are tyrosinephosphorylated upon IL-2 stimulation in lymphoid cells (12) (13) (14) and IL-3 also induces tyrosine phosphorylation of cellular proteins (37), the functional requirement for tyrosine kinase activity has not been previously assessed to our knowledge. Using tyrosine kinase inhibitors herbimycin A and genistein, we demonstrated that tyrosine kinase activity was required for IL-2-and IL-3-induced proliferation in ,353 cells. Herbimycin A also inhibited IL-2-induced IL-2Ra upregulation. Interestingly, pretreatment of cells with herbimycin A was necessary for inhibition of IL-2-induced IL-2Ra expression but not for inhibition of IL-2-induced proliferation. This raises the possibility that distinct tyrosine kinase(s) might be involved in proliferation and IL-2Ra induction. IL-2 stimulation of T cells has been reported to activate p56lck (39, 40) . It is clear, however, that p56Ick is not responsible for the signaling in 32D-IL-2Rf3 cells, since these cells lack pS6Ick. Further studies are required to assess the identities and subcellular location of kinases required for signaling in these cells.
